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Concurrent Visualization in a
Production Supercomputing Environment

David Ellsworth, Bryan Green, Chris Henze, Patrick Moran, and Timothy Sandstrom

Abstract — We describe a concurrent visualization pipeline designed for operation in a production supercomputing environment.
The facility was initially developed on the NASA Ames “Columbia” supercomputer for a massively parallel forecast model (GEOS4).
During the 2005 Atlantic hurricane season, GEOS4 was run 4 times a day under tight time constraints so that its output could be
included in an ensemble prediction that was made available to forecasters at the National Hurricane Center. Given this time-critical
context, we designed a con�gur able concurrent pipeline to visualize multiple global �elds without signi�cantly affecting the runtime
model performance or reliability. We use MPEG compression of the accruing images to facilitate live low-bandwidth distribution of
multiple visualization streams to remote sites. We also describe the use of our concurrent visualization framework with a global ocean
circulation model, which provides a 864-fold increase in the temporal resolution of practically achievable animations. In both the
atmospheric and oceanic circulation models, the application scientists gained new insights into their model dynamics, due to the high
temporal resolution animations attainable.

Index Terms —Supercomputing, concurrent visualization, interactive visual computing, time-varying data, high temporal resolution
visualization, GEOS4 global climate model, hurricane visualization, ECCO, ocean modeling.
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1 INTRODUCTION

In oneof theoriginal reportsdelineatingthe�eld of scienti�c visual-
ization,Visualizationin Scienti�c Computing, McCormicket al. [19]
describeda vision for the future wherescientistscould analyzeand
interpretdatafrom supercomputingcalculationsasthey wererunning.
They calledthis capability interactivevisual computing, alsoknown
asconcurrent visualization. Relatedideashave beendevelopedfur-
ther in thevisualizationcommunity(seenext section),but in general
haveseenlimited useby thecomputationalsciencecommunity.

Therearetwo primarybene�tsof concurrentvisualization.First, it
showsaview of thecurrentstateof acalculation,whichallowsruntime
monitoring,steering,or perhapstermination.Second,concurrentvi-
sualizationallows highertemporalresolutionvisualizationcompared
to traditionalpost-processingbecauseI/O andstoragespacerequire-
mentsarelargelyobviated.Thishighertemporalresolutionmayshow
featuresin asimulationthatwouldotherwisenotbevisible.

Given thesebene�ts, we implementeda concurrentvisualization
pipelinewithin the“Columbia” supercomputerenvironmentatNASA
Ames ResearchCenter. Our driving applicationwas the MAP'05
project [18] led by a teamat NASA GoddardSpaceFlight Center.
The projectusedColumbiato run 5-dayweatherforecastsevery six
hoursduringthe2005hurricaneseason(Juneto November).Thehur-
ricanetracks—notourvisualizations—fromeachsimulationrunwere
sentto FloridaStateUniversityandcombinedwith othermodelfore-
castsaspart of a “superensemble”[9], which usesmachinelearning
techniquesto createa singleforecast.The singleforecastwasmade
availableto theNationalHurricaneCenter.

TheMAP'05 project'shighpro�le andtight scheduleimposedsev-
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eralunusuallystrict requirementsonthedevelopmentof ourvisualiza-
tion pipeline.Becauseof theharddeadlinesfor submittingforecaststo
FSU,ourvisualizationsystemcouldnotsigni�cantly impedethesim-
ulation, andmost importantlycould not causeit to fail. In addition,
any modi�cations to the simulationcodehadto be minimizedin or-
derto facilitatevalidation.Partial failuresof thevisualizationpipeline
hadto be handledgracefully– we wantedto avoid killing the entire
process,if possible,and,sincerunswereoftenunattended,partialor
catastrophicerrorsin one run shouldnot affect the next run. A �-
nal requirementstemmedfrom the fact that the MAP'05 researchers
areacrossthecountryfrom thesupercomputer, andarereachableonly
overashared,medium-speednetwork connection.

Theserequirementsledusto adesignwhichis differentthanearlier
developedsystems(many of which aredescribedin thenext section).
Our systemlimits modi�cations to the simulationcodeby having it
only copy datato a sharedmemorysegment.Thenext stagein thevi-
sualizationpipelinereceivesdatavia thesharedmemorysegment,and
it runsonseparateprocessorsin parallelwith thesimulation.This de-
couplingeffectively preventsany visualizationfailuresfrom adversely
affecting thesimulation. Dataaresentfrom thesharedmemoryseg-
ment(via an intermediatesystem)to multiple renderingnodes,each
of which producesa time-varyingvisualization.Framesfrom thevi-
sualizationsarecompressedusingMPEGencoding,andtheresulting
MPEG streamscan be sentto the remotesites,wherethe currently
completedtime stepsof theforecastarecontinuouslyshown in anan-
imation loop. Using MPEG compressiongreatlydecreasedthe net-
work requirements;overall we saw a 66 to 1 compressionratio. The
visualizationsareboth renderedanddisplayedon small visualization
clusters.For displaywe typically useda 3� 3 tiled array, andshowed
differentsimulationvariable/view combinationson eachof the nine
displays.Figure4 showsa typical con�guration.

The restof the paperis structuredas follows. First, we describe
somerelatedwork,andthenpresentanoverview of theMAP'05 simu-
lationproject.Next, wedescribeourconcurrentvisualizationarchitec-
ture,�rst giving anoverview, andthendescribingthedataextraction,
visualization,andMPEGproductionportionsof thepipeline.Thefol-
lowing sectionsdescribethe system's effectivenessfor the MAP'05
project,andbrie�y discusstheuseof our systemwith a secondappli-
cation.We �nish with conclusionsandsomeareasof futurework.

2 RELATED WORK

Concurrentvisualizationhasbeenexploredby many differentgroups.
However, wedid not �nd anexistingsystemthatmetourapplication's
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Fig. 1. A frame from a concurrent visualization animation of GEOS4, showing Hurricane Wilma approaching Florida. The frame shows the speci�c
humidity (Q, mass(H20)/mass(air)), summed over all elevations and mapped onto luminosity.

requirements.For example,thepV3 system[12] computesrequested
visualizationsusingthesimulationprocessors,whichcouldimpactthe
simulation's run time andreliability. Otherearlierefforts in this cate-
goryareSCIRun[14], thecommercialpackageRVSLIB [7], theEarth
Simulator'sgeoFEM[20], andVisIt [5].

The requirement of sending multiple visualizations across a
moderate-speednetwork as they weregenerateddictatedour choice
of compressedMPEG streams. Earlier systemssent the original
data[16], dataextracts[12], geometry[20], or images[7, 20] to the
remotesystem.Distributedvisualizationsystemsbuilt usingAVS [4]
or CM/AVS [22] sendinter-modulecommunicationover thenetwork,
whichweexpectwould requiretoomuchbandwidthfor ourpurposes.

The requirementof minimal modi�cations to the simulationcode
eliminatedapproachesthat tightly couplethe simulationto the visu-
alization. Problemsolving environments,suchas SCIRun[14] and
Cactus[1], are examplesof this approach.Other visualizationsys-
temsbuilt aslibrariesor frameworks alsorequiresubstantialmodi�-
cationsto theapplication.Two suchframeworksaretheCUMULVS
parallelprocessingframework [10], and the VisAD [13] component
visualizationframework. TheDICE [6] system's useof Network Dis-
tributedGlobalMemoryfor transportsimilarly doesnotmeetthemin-
imal modi�cation requirement.

Theuseof compressionfor theremotetransmissionof animations
is widespread.Two packagesthatusecompressionfor remotevisual-
izationareRVSLIB [7] andParaView [3].

3 HARDWARE RESOURCES

TheMAP'05 simulationswererunon theColumbiasupercomputerat
NASA Ames. Columbiacontains20 SGI Altix nodes,eachof which
has512 Itanium 2 processorsand1 TB of memory. Eachprocessor
in a nodehascache-coherentaccessto all thenode's memory, andthe
nodesareconnectedby EthernetandIn�niBand. TheGEOS4forecast
runswererunonone512-processornode.

Our renderingclusterhas50 dual-processor1.67GHz Athlon sys-
tems,eachwith agraphicscardanda100Mbit connectionto aprivate
net.A separate16-processorAltix system,calledchunnel , servesas
anintermediarybetweentheColumbiacomputenodes(via one4x In-
�niBand link) andthegraphicsclusterswitch(via 8 Gigabit Ethernet
connections).

Thecurrentbottleneckin oursystemis the100Mbit connectionsto
therenderingclusternodes.This precludestransferring3D �elds for
theGEOS4application.

4 GEOS4 APPLICATION OVERVIEW

TheMAP'05 projectemployed the fourth generationof theGoddard
EarthObservingSystem(GEOS)suiteof models,developedatNASA
Goddard.GEOS4is animplementationof a �nite-v olumegeneralcir-
culationmodel(fvGCM), whichusesaLin-Roodsemi-Lagrangiandy-
namicalcore[17] in conjunctionwith theCommunityClimateModel
(CCM3) [15] for physical parameterizationsandland surfacemodel
[2].

The productionform of GEOS4is a nominal 1/4 degree global
model, using a standardlatitude-longitudestaggeredgrid of dimen-
sions1000� 721� 32 (23 million cells).Three-dimensionalscalarand
vector-componentquantitiesde�ned on the grid are representedin
doubleprecisionandthusrequire1000� 721� 32� 8 = 184.6Mbytes
of storageeach.Horizontal2D scalar�elds occupy 5.8Mbyteseach,
andrepresenteithersurfacequantitiesor valuesrepresentinganaver-
ageover theentireverticalcolumn.Parallelismis implementedusing
a one-dimensionallatitudinal decomposition,with 3 ghostcell lay-
ersto thenorthandsouthof eachcomputationalsubdomain.On the
Altix architecture,a hybrid MPI-OpenMPparallelismstrategy was
employed. This usesboth the distributed-memoryMPI andshared-
memoryOpenMPprogrammingmodels.Productionrunsused60MPI
processeswith 4 OpenMPthreadseach(240 processorstotal). The
runssimulated5 full daysof atmosphericdynamics,usingintegration
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time stepsthat represented450 secondsof physical time (960 time
stepstotal). Sometest runs insteadused480 processors,480 time
steps,or both.

Our standardvisualizationcon�guration copiedabout900 GB of
simulationdataper run. Of this, 177 GB, or one3D �eld, wasver-
tically integratedinto a 2D �eld, and709 GB, four 3D �elds, hada
horizontal2D sliceremovedfrom each3D �eld. In addition,two 2D
�elds wereused,consistingof 11GB.After conversionto 32-bit �oat-
ing point, the resultingseven 2D �elds (totaling 19.4GB) weresent
from theColumbiasystemto therestof thepipeline.

Wall-clocktimesfor theproductionrunstookabout55minutes.We
saw a minimum wall clock time per integrationtime stepof 2.5 sec-
onds. This is lessthanthenominaltime per time stepof 55� 60/960
= 3.4 secondsbecausethesimulationspendsa signi�cant partof the
total run time doingI/O for initialization anddiagnosticoutput.Thus
our systemmustrun at the 2.5 secondrateif we areto visualizeev-
ery integration time stepwithout impedingthe simulation. Adding
bufferingto thesystemwouldnotsubstantiallyrelaxtheframeratere-
quirementunlessmany framesof bufferingwereadded,requiringsub-
stantialmemory. This is truebecausethetimestepswherethepipeline
couldcatchup, thetimestepsthattake muchlongerthan2.5seconds,
arewidely spaced.However, additionalbuffering would reducethe
numberof droppedframesdueto temporarypipelinehesitations.

Forecastrunshadto be completedin roughly a two hour window
beforethe superensemblesubmissiondeadline.In additionto the 55
minute forecastcalculations,roughly 30 minutesof post-processing
was necessarybeforeresultssubmission.This tight scheduledrove
our reliability goals.

5 CONCURRENT VISUALIZATION SYSTEM OVERVIEW

Figure2 shows anoverview of thecompleteconcurrentvisualization
pipeline. This pipelineis divided into threesections:dataextraction,
visualization,andMPEGproduction.

The pipeline startswith dataextraction. The GEOS4simulation
runs on one of the Columbia nodes. On that samenode but run-
ning on a separateprocessoris the ibcolumbia process.Thesim-
ulation processescopy data into a sharedmemorysegment. Then,
ibcolumbia doesany remainingdataformattingandcopiesthedata
over In�niBand to anotherColumbianodecalledchunnel . We use
this systembecauseit is thegateway to therenderingcluster's private
network.

The visualizationportion of the pipeline startson the chunnel
system.A processcalledibchunnel receivesdatafrom the In�ni-
Bandnetwork, andwrites it to a sharedmemorysegment. Another
processcalledgserv copiesthedataout of sharedmemoryanddis-
tributesit to nodesin the renderingcluster. Thosenodesrenderthe
data,andwrite theresultingimagesto localdisk.

The pipeline continueswith MPEG production. Eachrendering
clusternodehasan MPEG encoderprocessthat encodesframesas
soonasthey arewritten, andwrites the resultingMPEG streamto a
�le server. TheMPEG�les aresent,asthey arebeingcreated,to the
display clustermasternodeby processesrunning on the �le server.
The �nal steprunson thedisplaycluster. Thatcluster's masternode
sendsa loopedversionof eachgrowing MPEG streamto a nodeon
theclusterfor display, doingit in away thatsynchronizesthestreams.

Ourapproachtakesadvantageof theavailableextraprocessorsand
memoryof theColumbiasystemused,plus its sharedmemoryarchi-
tecture. Our systemcould be adaptedfor usein distributed-memory
systemsby extractingdatafrom eachnodeandsendingit to oneor
moreseparateprocessorsfor visualization.However, this would still
use the CPU, memory, and interconnectof the running simulation,
possiblyaffectingits performancenoticeably.

Thefollowing sectionsdescribeeachsectionof thepipelinein more
detail.

6 DATA EXTRACTION

Our visualizationpipelinestartswith thesimulation,or, morespecif-
ically, our modi�cations to it. Our simulation modi�cations use
a sharedmemory segment to transfer data to a separateprocess,

ibcolumbia , whichdecouplesthesimulationandvisualizationcode
for improved reliability. Also, usingsharedmemoryon the Altix al-
lowsfor veryfastdatatransferfrom thesimulation,minimizingimpact
to thesimulationrun time.

We modi�ed the simulation start-up script and instrumented
the simulation code itself. The script modi�cations activate
ibcolumbia on separateprocessorsandpasscon�guration datato
it. ThesimulationcodeinstrumentationcauseseachMPI threadto reg-
ister its datastructureswith thevisualizationpipelineandto sendits
datainto thepipelineat thecompletionof eachintegrationtimestep.

6.1 Star t-up Script Modi�cations

The GEOS4start-upscript requestsresourcesfrom the batchsched-
uler, arrangesinput and output �les and directories,and speci�es a
numberof runtime model parameters.Our script modi�cations ex-
tract many of theseparametersinto a �le so they can be passedto
ibcolumbia . Theparametersincludethestartandstoptimesof the
simulation,the integration time stepsize,andthe �elds selectedfor
visualization,so we can properly annotatethe visualizationframes.
They alsoincludethecomputationaldomaindimensions,thenumber
of MPI processesandOpenMPthreads,andthetotalnumberof model
timesteps,sincethesedataarenecessaryto ibcolumbia to properly
dealwith thesimulation's domaindecomposition.Otherscriptmodi-
�cations increasethenumberof CPUsrequestedfrom theschedulerto
accommodateibcolumbia , theninvoke andassignibcolumbia
to theadditionalprocessorssothatit doesnot interferewith any of the
simulationprocesses.Sinceibcolumbia is invokedprior to launch-
ing thesimulationcode,it createsthesharedmemorysegmentfor re-
ceiving modeloutputaheadof thesimulation.

6.2 ibcolumbia

ibcolumbia servesasthe interfacebetweenthe instrumentedsim-
ulation codeandthe restof the visualizationpipeline. Oncestarted,
it readstherun-speci�cmetadatageneratedby thestart-upscript,and
sendssomeof thesedatafurtherdown the pipeline. It thenallocates
thesharedmemorythatis mappedinto thesimulationMPI processes.
Whenall MPI processeshavecopiedtheir �eld datafrom agiventime
stepinto the sharedmemorybuffer, ibcolumbia invokes a func-
tion to processthedata.Thisprocessingmayincludeconversionfrom
doubleto singleprecision,taking 2D slicesout of 3D �elds, vertical
integrationof 3D �elds onto2D, interpolationfrom astaggeredto un-
staggeredgrid, andso forth. The outputfrom this processingstepis
written into a pre-allocatedRDMA buffer for fasttransferacrossthe
In�niBand network to ibchunnel . If ibchunnel hassignaledthat
it is readyto receiveanothertimestep,thetransferis made;otherwise
ibcolumbia dropsthetimestepandsendsnoticeof thiseventdown
thepipeline.Thismechanismensuresthatonly time-consistentframes
aregenerated.

6.3 Simulation Code Instrumentation

Wemodi�ed thesimulationcodeby addingthreefunctioncalls,which
areimplementedin amodulelinkedwith themainexecutable.Two of
thefunctionsarecalledonceeachduringinitialization,andthethird is
calledat theendof eachintegrationtime step.All threefunctionsare
calledfrom eachMPI process.The �rst initialization function saves
pointersto its MPI process's region of themodel�elds thatareavail-
ablefor concurrentvisualization,alongwith offsetsof the MPI sub-
domaininto the global computationaldomainandghostcell dimen-
sions.Thesemetadataallow the�eld datato bereassembledfrom the
per-MPI-threaddomainsinto a singleglobaldomain.Thesecondini-
tializationfunctionis calledat theendof thesimulationinitialization;
it mapsthesharedmemoryarena,createdby ibcolumbia , into the
addressspaceof eachMPI process.After every integrationtime step,
eachMPI processcalls the third function,which copiesits �eld data
into the appropriatelocationsin the sharedmemorybuffer, undoing
thedomaindecompositionandstrippingghostcellsby usingmetadata
collectedin the�rst initialization function.

We designedthis instrumentationcodeto insulateit from the re-
mainderof thevisualizationpipeline.If eitherof thetwo initialization
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Fig. 2. Our concurrent visualization pipeline. Rounded rectangles indicate systems, and rectangles indicate processes.

functionsfails in any MPI process,the copy function becomesa no-
op,leaving thesimulationunimpeded.Assumingproperinitialization,
thedatacopy functionensuresthatall MPI processeshavecopiedtheir
datainto thesharedmemoryarenafor processingby ibcolumbia .
If ibcolumbia hasnot �nished accessingthesharedmemorycon-
tentsby thetime the�rst MPI processis readyto outputits next time
step,copying of that next time stepis skippedby all MPI processes,
andnoticeof this event is sentdown the pipelineso that the image
streamsareproperlymarked andcounted. This mechanismensures
thatthevisualizationpipelineprocessesonly fully intactframesat the
maximumratepossible.Alternatively, theusercanspecifya strideso
thattimestepsareskippeddeterministically. Thismaybeusefulif the
highestpossibletemporalresolutionis not desired,or if a particular
runcon�gurationresultsin thevisualizationpipelinenotbeingableto
keepup with thesimulation.With theproductionGEOS4runson the
Altix, wewereconsistentlyableto captureeverymodeltimestep,and
droppedframesonly occasionallydueto transientglitchessomewhere
in thevisualizationpipeline.

7 VISUALIZATION

The visualizationstepof the pipeline breaksthe single datastream
from the dataextractionstepinto multiple streamsfor visualization.
Eachbrancheventuallyresultsin anindependentMPEGstream,pro-
ducedfrom a selectionof data�elds andthevisualizationtechniques
appliedto them. Themultiple processesin eachbrancharecentrally
managedfrom thechunnel system.

Tobeadequatelyrobustandfaulttolerant,theremainderof thevisu-
alizationpipelinehasthefollowing characteristics.Failuresthatoccur
in onebranchof thepipelinecausetruncationof only thatbranch,and
do not affect the otherbranches.Otherfailuresmay causethe entire
visualizationsystemto terminate,andthenautomaticallyrestartitself
for thenext run. In theworstcase,whereafailureoccursandattempts
at restartingalsofail, theentirepipelineis shutdown inde�nitely and
theeventlogged.Extensive loggingoccursthroughouttheprocess,so
errorscanbequickly locatedandcategorized. Missedtime stepsare
recordedin thelogs,aswell asbeingvisually documentedin the�nal
product.

Therearetwo distinct functionalroles in the visualizationpart of
thepipeline: processmanagement,which includescon�guration and
failurehandling;anddatamanagement,which includestime stepac-
countinganddispatching.Thesetof managedprocessesandthe�o w
of dataarelargelydeterminedby con�guration�les.

7.1 Pipeline Process Management

At the top of the visualizationprocesshierarchy is the gserv dae-
mon. Gserv actsasa centraldataserver, routing incomingmodel
datato a set of visualizationclients. Gserv also actsas a process
managerfor two other processes:ibchunnel , which handlesIn-
�niBand communication;andtheGservVis Manager(GVM), which
handlesvisualizationcon�gurationandmanagement.

On startup,gserv forks a copy of itself. The parentgserv
processonly monitors the child, restartingit if it fails, and exit-

ing if failuresoccur repeatedly. The child gserv processmonitors
ibchunnel andGVM; if eitherfails it stopsthepipelineandreini-
tializesitself.

GVM is a Perlscriptthatreadsthecon�guration �le, andthencre-
atesandmanagesonebranchof thepipelinepervisualization,consist-
ing of rendering,encoding,sending,andviewing components,all of
which arecreatedon remotehostsvia rsh /ssh connections.In the
eventof a localizederror, GVM terminatesonly theportionof failing
branchdownstreamof the error, allowing any intermediateresultsto
bearchived. In thecaseof completefailureof thevisualizationphase,
GVM shutsdown thepipelineandexits.

GVM interpretscon�guration�les in orderto constructthemultiple
branchesof the visualizationpipeline. Whenstarted,GVM receives
the list of �elds that arebeingexportedby the currentmodelrun. It
usesa table,constructedfrom a con�guration �le, to associateavail-
ablesetsof �elds with aparticularrenderingsetup.For eachmatchin
the tablea new branchin thevisualizationpipelineis created:a ren-
deringprogramis launchedon thenext availablenodein thegraphics
cluster, the parametersspeci�ed in the tableentry arepassedin, and
the supportingprocessesfor movie generation,distribution, anddis-
playarecreated.

7.2 Visualization Clients

WhenGVM startsavisualizationclientononeof therenderingnodes,
theclientis givenoneor more�eld namesonthecommandline. These
namesare suf�cient for the visualizationprogramto independently
registerwith gserv to receive time stepdatafor those�elds asasyn-
chronousevents. Then, as framesof dataarrive in sharedmemory
from In�niBand, gserv sendstheappropriate�eld datato eachvisu-
alizationclientusingTCP, basedon theclient registrations.

Our currentvisualizationclient is very simple: it candisplaya 2D
arrayof eitherscalarvaluesor themagnitudeof vectorvaluesusinga
luminancemap. Parametersspecifymin-maxvalues,viewpoint, and
soon. While this simpletechniquehasbeensuf�cient for visualizing
global climatemodels,we caneasily incorporateothervisualization
techniques.

7.3 Pipeline Data Management

Gserv transfersdatato the visualizationclientsusinga distributed
objectframework calledgrowler [11], which is capableof manag-
ing dynamicconnectionsfrom multiple clients. The low level details
of client connections,requests,and dataeventsare handledby the
growler framework. An InterfaceDe�nition Languageis usedto
describethecommunicationsemanticsbetweengserv andthevisu-
alizationclients.

Time step data are never purposelydroppeddownstreamfrom
gserv . If dataarrive fasterthancanbe consumed,gserv blocks
until the rendererscomplete,andasa result, ibcolumbia will not
receive theacknowledgmentit needsto propagatethenext timestep.

The visualizationportion of the pipelineusesmultiple threadsfor
improved performancein several places. In gserv , �eld dataare
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copiedfrom sharedmemoryinto buffers for transmissionto visual-
izationclientsusingonethread.Multiple othergserv threadshandle
moving thebuffersinto theTCPstack.In thevisualizationclient,one
threadreceivesincoming�eld data,while a secondthreadrendersthe
dataandwritesthemto disk.

Oncetheimagehasbeenwritten to disk, subsequentprocessingof
theimagedatais completelydecoupledfrom thesimulationtime step
loop,andcannotcontributeto lost frames.

8 MPEG PRODUCTION

The last stageof the pipeline, MPEG production,begins with the
frameswritten to local disk by therenderers.GVM managesthepro-
cessesof theMPEGproductionpipeline,which hasthreemaincom-
ponents:encoding,transmission,andviewing.

8.1 MPEG Encoding

An encodingprocessrunsoneachof therenderingnodes.Onstartup,
an introductoryMPEG is created,which is usedto allow the MPEG
viewersto startup immediately, beforethe simulationhasgenerated
any time steps.Theprocessthenwaits for the �rst real visualization
frameto appearin the local �le system.Onceframesbegin appear-
ing, a modi�ed versionof the StanfordPVRG MPEG-1 encoderis
launchedto processthe frames. We modi�ed the encoderso it will
wait for framesto appearon disk. The resultingMPEGsarewritten
overNFSandcollectedonasingleshared�le server.

For backuppurposes,anotherprocessusesgzip to losslesslycom-
presstheframesandwrite themto the�le serverfor longtermstorage.
Individual frameson the local disk aredeletedoncethey have been
MPEGencodedandarchived.

An exampleMPEGanimationis includedon theconferenceDVD
to illustratetheMPEGoutputquality.

8.2 MPEG Transmission

EachMPEGcanbesentto remoteviewing systemswhile it is being
created.A simpleprogramwaits for theMPEG �le to becreatedon
the�le server. As theMPEG�le grows, this programoutputsthenew
MPEG datathroughan ssh pipe to the remotesystem,whereit is
written to disk. Thetransmissionpipelineexits whenit �nds aMPEG
“SequenceEnd” marker, whichmarkstheendof theanimation.

The bandwidthsrequired to send the MPEG streamsare quite
low. For theninestandardviews, theaveragebandwidthrequiredper
MPEGstreamrangedfrom 8 to 39KB/sec;thetotalbandwidthfor the
ninestreamswas157KB/sec. Thesebandwidthscorrespondto com-
pressionratiosof 140:1to 29:1comparedto theoriginal 24-bit RGB
frames.Theoverall compressionratiowas66 to 1.

8.3 MPEG Viewing

Onepossibledestinationfor the streamingMPEGsis a hyperwall: a
two-dimensionalgrid of displaysbacked by a cluster[21]. For this
project,a 3� 3 hyperwall wasused,enablingninesimultaneousvisu-
alizationsof a runningsimulationon a singlewall. A tenth“master”
systemcontrolsthe nine displaysystems,andhasthe singleInternet
connection.

Initially, theintroductoryMPEGanimationfor eachMPEGstream
is displayedon thecorrespondingdisplaynode,andtheanimationis
pauseduntil enoughframeswith simulationdatahavearrivedtoenable
looping without high-frequency �ick er. Then, the viewers on each
displaynodeloop at full speed(30 Hz) over theframesof theMPEG
thathavearrived.Theanimationson theninenodesaresynchronized.

All this is accomplishedusingmpegsource (a Perl script), and
themplayer multimediaapplication.Nine copiesof mpegsource
run on the masternode,and the mplayer processeson eachdis-
playnodearecon�guredto readfrom standardinput. Eachinvocation
of mpegsource �rst sendstheintroductorymovie to themplayer
process,whichallows it to createanoutputwindow. Then,eachinvo-
cationwaitsfor theMPEG�le to grow to 20dataframesbeforesend-
ing the framesto mplayer . The mpegsource scriptsthen seek
back to the start of the MPEG �le, and repeatedlysendthe MPEG
framesto the mplayer applications.The MPEG �les areparsedto

Table 1. Shared Memory Copy Times for 480 Time Steps

MPI x OpenMP Fields RunTime Copy Time
60x 4 1 3D & 1 2D 3117.52 3.83
120x 4 1 3D & 2 2D 2239.65 3.02
120x 4 6 3D & 3 2D 2169.13 12.25
120x 4 7 3D & 4 2D 2154.75 13.625

ensurethat only completeframesaresentto mplayer ; incomplete
framesat theendof the�le areskipped.Thempegsource processes
alsowait on a commonbarrier(createdusingsocketsto a singlebar-
rier process)whenthey reachendof �le, sothenineloopingMPEGs
runsynchronously.

9 EVALUATION

9.1 Reliability

We wereableto meetour primaryreliability goal: out of 247produc-
tion runswith concurrentvisualization,therewasnotasingleGEOS4
failure due to the visualizationpipeline. The visualizationpipeline
itself wasnot perfectlyreliable,however, partlydueto systemcon�g-
urationchangesmadeduringproduction.Analysisof 132completed
runs(126,720time steps)showed that we skippeda total of 87 time
steps,or 0.07%of the total. The skippedtime stepswere unfortu-
natelydistributedover a fairly large number(44) of runs,which we
arecurrentlyinvestigating.Notethat126,720framesis 70 minutesof
animation.

9.2 Model Runtime Performance

A secondimportantdesigngoalwasto impactruntimemodelperfor-
manceaslittle aspossible.Our designaccomplishedthis by copying
the currentsimulationtime stepinto sharedmemory, and then run-
ningall downstreamportionsof thepipelinewhile thesimulationwas
processingthe next time step. Thusthe majority of the visualization
pipelineran“off thesimulationclock,” predominantlyonseparatepro-
cessorsand systems. Our only direct effect on the model runtime
was due to the datacopy, which was donesynchronously, i.e., we
blocked the simulationduring the copy. The datacopy wasdonein
parallelacrossall MPI processes,andusedsharedmemorythat ex-
ploitedthetremendousaggregatememorybandwidthof theAltix. We
determinedthatanasynchronousstrategy involvedunnecessaryover-
headandcomplexity, althoughthis might be the preferredchoiceon
anotherarchitecture.

Table1 showsoverall timingsfrom severalmodeltestrunswith ag-
gregatetimesof all datacopiesduringtherun,measuredwith highres-
olutionhardwaretimers.(Thetwo visualizationinitialization function
calls arenegligible, andarenot included.) With 120 MPI processes
runningon 480 CPUs,the overheadfor copying 6 full 3D �elds and
3 2D �elds, at eachof 480 time steps,is approximately12 seconds
over a 2100secondcalculation,or a little over 0.5 percent.The total
amountof datacopiedis about0.5TB. (Thesetimingsarefrom initial
testruns. During theseason,themodelintegrationtime stepwascut
in half, sothetotalnumberof timestepswas960,andwecopiedabout
900GB perrun.)

Although the destinationof the datacopiesis logically a single
sharedmemorybuffer allocatedby ibcolumbia , thephysical loca-
tion of the memorypagesis determinedby the default “�rst touch”
placementpolicy. We can touch eachpageof the sharedmemory
buffer in an initialization routine in ibcolumbia so that physi-
cal memoryresideson the sameprocessorswherewe have assigned
ibcolumbia . Alternatively, wecanlet eachMPI processhave“�rst
touch” andthusdistributethesharedmemory's physicalpagesacross
theentiresimulation'sCPUset.Wechosethelatter, faster, strategy.

A concernwith this choice is whether the additional memory
pageson the simulation CPUs, and accessingthese pagesfrom
ibcolumbia during its processingphase,will result in indirect ef-
fectson the modelruntime; theseeffectswerenot capturedwith the
timer calipersdescribedabove. We investigatedsuchpotentialinter-
ferenceeffectsby lookingat theoverall runtimesof themodel,before
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Fig. 3. Overall run times, with and without concurrent visualization.

andafter the concurrentvisualizationwas incorporated.Resultsare
shown in Figure3. Unfortunately, the only long term overall timing
dataavailableincludesomepre-andpost-modelrun activities which
involved a lot of disk activity, so the timings aresomewhat variable.
Nevertheless,it is apparentthatthereis nosystematicincreasein run-
timewhentheconcurrentvisualizationwasactivatedpartwaythrough
theseason.In fact,thereis aslightdecreasein themeanruntimeswith
visualization.Webelieve this justshows thatany effectswemayhave
producedareslight,andthatthedataareinsuf�cient to resolve them.

9.3 Visualization Pipeline Performance

We instrumentedibchunnel andmeasuredits performanceduring
a testrun thatused480integrationtime stepsthatranat a 2.7second
(wall clock) rate. Of the 2.7 seconds,0.3 secondswere lost due to
thestaggered�nishing of thesimulationprocessors,1.8secondswere
spentcopying andvertically integratingthe�eld data,and0.1seconds
werespentsendingthe dataandwaiting for acknowledgment,leav-
ing 0.5 secondsof idle time. If the time stepstook the 2.5 seconds
asmeasuredfor productionruns,the idle time would be0.3 seconds.
Parallelizingthedatacopying andintegrationstepwouldlikely benec-
essaryif moredatawereneededfor visualization.

9.4 Application Impact

The real-timeremotevisualizationaspectof our systemhad limited
impact. Due to problemsat the remotesite, theMPEGstreamswere
only sentto theMAP'05 researchersduringa few testruns. Instead,
theproductionrunssenttheanimationsto our local hyperwall sowe
couldmonitorthesystem'sprogress.In addition,wewereabletoshow
real-timeproductionrunsat theSC'05conferencein Seattle.

However, post-runuseranalysesof ourhightemporalresolutionan-
imationshadtwo signi�cant positive impactson theMAP'05 project.
Onewasthe discovery of fast-moving pressurewavesthat appearto
be causedby start-uptransients. Earlier post-productionvisualiza-
tions did not capturethesetransientsin suf�cient detail for themto
benoticed.Our systemalsohelped�nd thesolutionto a numericin-
stability problemthat occurredbeforeour systemwas addedto the
productionruns. Test runs of our systemshowed how the instabil-
ity grew from a singlecell to the entiredomainover just a few time
steps.Our high temporalresolutionoutputcapturedthis behavior and
immediatelysuggestedtheinstability's cause.

10 THE MITGCM HIGH-RESOLUTION GLOBAL
OCEAN MODEL

We have alsoappliedour concurrentvisualizationpipelineto a high-
resolutionglobaloceanmodel,theMITgcm, developedby theECCO
Consortium[8]. Like GEOS4,theMITgcm is a hybrid MPI/OpenMP
codewhich runson a staggeredlatitude/longitudegrid at variousres-
olutions. Initially, we deployed our concurrentvisualizationfacility
on several MITgcm 1/8 degreemodelrunsdistributedover 480 pro-
cessors.In theseruns,theglobaldomainis 2880� 2176� 50,or about
313million grid points. Thuseach3D scalar�eld requiresabout2.5
GB of storage,anda horizontalsliceoccupiesabout50 MB. Figure5
showsa framefrom thesimulationoutput.

The MITgcm uses a two-dimensionaldomain decomposition,
breakingthe domain into full-depth tiles in both zonal and merid-
ional directions,andsupplyingghostcells alongall four sharedtile

faces.Ourdatacopying routinethatis linkedwith thesimulationcode
neededto bemodi�ed accordingly.

TheMITgcm is primarily usedfor relatively longtermclimatestud-
ies,but needsto resolve theimportantmeso-scaleturbulenteddypro-
cesseswhich underlyenergy andfreshwatertransport.For theserea-
sons,themodelspatialandtemporaldiscretizationis very re�ned, but
therunsarelong—yieldingpotentiallyenormousoutputdata.Integra-
tion time stepsfor the1/8 degreemodelare5 minutes(300seconds),
andfor performanceanddiskcapacityreasonsonly3-dayaverage�eld
dataareoutputto disk duringrunsthatmaysimulatemonthsto years
of oceaniccirculation.

10.1 Month-Long Run

Using our concurrentvisualizationpipeline, we generateda set of
eightanimationsthatcapturedeverytimestepof asinglesimulationof
the monthof February2002. Theseanimationscontain8000frames
each,andrepresentan864-fold increasein temporalresolutioncom-
paredtoanimationscreatedbypost-processingnormalrunoutput.Our
systemwasableto handlethehigherresolutiondatabecausewe only
copied2D horizontalslicesfrom thesimulation,andbecausethesim-
ulationusedmorewall clock timepertimestep(4.4seconds)thanthe
GEOS4simulation.

Thesehigh temporalresolutionvisualizationshave revealedhith-
ertounseenmodeldynamicsthathavegivennew insightsto theocean
modelers.For example,dramaticdiurnalvariationsin themixing layer
depthshown by our animationsarenow receiving increasedattention
asan importantfactorin theair-seaexchangeof CO2, heat,andmo-
mentum.

10.2 Year-Long Run

We have usedour systemwith a singleyear-long MITgcm simulation
run on four 512-processorColumbianodes,using1920processorsin
total for thesimulation.While thesimulationhasjust completed,we
do have someinitial results. For this run, we generatedmany more
visualizationsthan previous runs. We extracted2D slices from 24
�elds andshowedbothaglobalandNorthAtlantic view of each�eld,
for a total of 48 visualizationstreams. We capturedevery simula-
tion time step,asbefore. We modi�ed our visualizationsystemso it
collectsdatafrom eachof the four Columbianodesandforwardsthe
datato chunnel . A new programrunningon chunnel collectsthe
per-processordomainsfrom thenodesandreassemblestheminto the
overall domain.

Sincethis wasnot a time-criticalproductionrun, we modi�ed our
systemto pausethesimulationif thevisualizationfell behindinstead
of droppingframes.Theextractionandvisualizationpartsof thesys-
temnearlyalwayskeptupwith thesimulationeventhoughit waspro-
cessingmuchmoredataper time stepat a fastertime stepratethan
the�rst MITgcm run. Using1920insteadof 480processorsdecreased
theminimumwall clock time steptime (whenI/O is not beingdone)
to anaverageof 2.8seconds;thetime rangedfrom 2.7to 3.2seconds.
Initial measurementsshow thatwe only slow thesimulationdown for
about14%of theframes,andincreasetheoverall run timeby 3%. We
feel that this is an acceptableslowdown, asdo our collaborators.In
addition,sincethis wasthe�rst largerun usingthis con�guration,we
believe that the simulationdelaycould be reducedor eliminatedby
furtheroptimizations.
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Fig. 4. Typical output display con�gur ation, showing the same simulation and time step as Figure 1, where Hurricane Wilma is approaching
Florida. The top row shows (left to right) shows OMGA, the vertical velocity of the pressure grid over time; PRECIP, the total precipitation; and
PS, the surface pressure. The middle row shows three views of Q, the speci�c humidity, integrated vertically. The bottom row shows U, V, and
VelocityMagnitude, respectively the east-west component, north-south component, and magnitude of the near-surface wind velocity vector. The
OMGA, U, V, and VelocityMagnitude �elds are 2D slices from the 3D �eld that show the values one layer above the bottom layer; PRECIP and PS
are 2D �elds .

TheMPEGpartof thesystemoftenfell behindthesimulation.Sev-
eralof thevisualizationsshowing theglobalview hadtheMPEGen-
coding and frame compressionmany framesbehind. No datawere
lost becausetheMPEGpartof thesystemis decoupledfrom theear-
lier part of the pipeline: it readsframesfrom eachnode's local disk,
whichhasroomfor thousandsof frames.Theslow encodingdid affect
theMPEGstreamingpartof thepipelinebecausetheMPEGstreams
werenot synchronized.We believe the slow encodingandcompres-
sionweredueto congestionon the�le server, chunnel .

In additionto theframesandMPEGanimations,wealsosaveda2D
sliceof �oating-point datafrom a 500� 500portionof thegrid which
shows the North Atlantic for eachof the 24 �elds visualized. This
will allow morecomplex visualizations,suchasLIC, to becomputed
after the simulationhascompleted.Our currentvisualizationcluster
doesnot have suf�cient CPUor graphicscapabilityto computethese
visualizationsat theraterequired.

Overall, the110-hourrun extractedandvisualizeda total of 63 TB
of datafrom thesimulation,whichcorrespondsto asustaineddatarate
of 215MB/secondwhenno I/O is beingperformed.We saved2.5TB
of North Atlantic �oating-point dataanda total of 5 million frames
thatwould require12TB of storageif uncompressed.

11 CONCLUSION AND FUTURE WORK

Wehavepresentedaconcurrentvisualizationsystemthatwasspecial-
ized for a demandingproductionapplication,theGEOS4simulation,
thatproducedhurricanetrackforecastsduringthe2005hurricanesea-
son.Our systemwasableto show thesimulation's progressto distant
researchersusingamoderate-speednetwork link. Wehaveshown that
our implementationdid not adverselyaffect thesimulation's reliabil-

ity or run time. Thehigh temporalresolutionanimationsproducedby
our systemled to importantnew insightswith both the GEOS4and
MITgcm applications.

We arecurrentlyenhancingour systemby addinga variety of vi-
sualizationandfeaturedetectiontechniques.We arealsoworking to
connectoneof our renderingplatformsdirectly to theColumbiacom-
putenodesusingIn�niBand. This will avoid our current100-baseT
bottleneckin thepipelineandallow full 3D �elds to betransferredto
thegraphicsnodes,which will enableusingothertechniquessuchas
volumerendering. This will be importantwhenworking with other
expectednew applicationswhere3D �eld visualizationsareessential.
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